databases. In this study, a gene of unknown function, NE1434, was obtained from N. 23 europaea by shotgun cloning using a pABA-auxotrophic Escherichia coli mutant (ΔpabA BC) 24 as a host. A tracer experiment using [U- 13 C 6 ]glucose suggested that pABA was de novo 25 synthesized in the transformant. An E. coli ΔpabA BCΔaroB mutant carrying the NE1434 26 gene exhibited a prototrophic phenotype to pABA, suggesting that compounds in the 27 shikimate pathway including chorismate were not utilized as substrates by NE1434. Moreover, 28 the CT610 gene, an ortholog of NE1434 located in the folate biosynthetic gene cluster in 29
Chlamydia trachomatis, also complemented pABA-auxotrophic E. coli mutants. Taken  30 together, these results suggest that NE1434 and CT610 participate in pABA biosynthesis. We previously showed that Lactobacillus fermentum IFO 3956 exhibited a prototrophic 48 phenotype to pABA in a single-omission growth test (2), despite the fact that the strain lacks 49 orthologs of pabA , -B, and -C (3) (Figure 1) ΔpabA BCΔaroB, ΔpabA BCΔaroC, and ΔpabA BCΔaroD were transformed with appropriate 109 plasmids. Each of the transformants (triplicate) grown on LB plates was dispersed in 200 µL 110 of sterilized distilled water and then a 50 µL aliquot was inoculated into 5 mL of M9 medium 111 supplemented with or without pABA. The growth was assessed at 30°C since N. europea 112 7 prefers a cultivation temperature at 20 to 30°C. Cell growth of the transformants was 113 monitored at one-hour intervals using a TAITEC OD-monitorC&T system (Saitama, Japan) 114 and compared to that of parental strain ( Figure 2B) . 115
116
Construction of aroB, -C, and -D disrupted mutants of E. coli ΔpabABC 117
To construct the disruptants, the Quick & Easy E. coli Gene Deletion Kit (Gene Bridges 118
GmbH, Heidelberg, Germany) was used. Briefly, the genes encoding aroB (b3389), aroC 119 (b2329), or aroD (b1693) (7) were replaced with a kanamycin-resistance gene cassette by 120 homologous recombination and then the cassette was removed from the chromosome by a 121 FLP-recombinase according to the manufacturer's protocol ( Figure S3 ). The sequences of the 122 primers are shown in Table S1 . 123 124 Analysis of pABA productivity 125 pABA production was examined under the cultivation condition as previously described 126 (8). An aliquot (60 µL) of overnight culture was inoculated into 3 mL of fresh LB medium 127 and cultured at 30°C for 3 h. Then, IPTG was added at a final concentration of 0.5 mM and 128 cultivation was continued for an additional 3 h. After the cells were harvested and washed 129 with the same amount of M9 medium, the collected cells were suspended in 3 mL of M9 130 medium including Ap and 0.5 mM IPTG, followed by cultivation at 30°C. Culture samples 131 were collected at appropriate time intervals (24, 48, and 72 h) + ions for non-labeled and 13 C-labeled pABA. 141
142

RESULTS
143
Shotgun cloning experiment with the E. coli ΔpabABC mutant. 144 We previously showed that L. fermentum IFO 3956 was prototrophic to pABA and that 145 LAF1336, an ortholog of FolP in L. fermentum IFO 3956, utilized 146 6-hydroxymethyl-7,8-dihydropterin pyrophosphate and pABA to form dihydropteroate (2), 147 despite the fact that the strain has no orthologs of PabA, -B, and -C (3). These facts strongly 148 suggested that the strain biosynthesizes pABA via a new enzyme/pathway. We therefore used 149 genomic DNA of L. fermentum IFO 3956 as donor DNA to obtain a DNA fragment that 150 could complement the pABA-auxotrophic E. coli mutant (ΔpabA BC). Approximately 7-kbp 151 DNA fragments partially digested with Sau3AI were used for shotgun cloning and screening 152 9 was carried out on the basis of complementation of pABA auxotrophy of the E. coli 153
ΔpabA BC mutant on M9 minimal plates without supplementation of pABA. However, no 154 transformants were obtained even though we performed several trials. A reason for the failure 155 in complementation using L. fermentum genome is discussed later. 156
We then used N. europaea NBRC 14298 as the DNA donor. The strain also has a 157 complete set of orthologs of the folate biosynthetic genes, except for pABA-biosynthesis 158 related genes, in its genome (GTP cyclohydrolase I, NE1163; dihydroneopterin aldolase, 159 NE0223; 6-hydroxymethyl-7,8-dihydropterin pyrophosphokinase, NE0070; dihydropteroate 160 synthase, NE0529; dihydrofolate synthase, NE0696; dihydrofolate reductase, NE0567) (4). 161
As for pABA biosynthetic genes, only one ortholog, NE2150, which was annotated as TrpE, 162 was hit by a BLAST search (KEGG) when E. coli PabB was used as a query sequence. 163
Microorganisms generally possess two orthologs of PabB; one is PabB, which is responsible 164 for pABA biosynthesis, and the other is an anthranilate synthase subunit (TrpE), which is 165 responsible for tryptophan biosynthesis (9). To examine whether NE2150 participates in 166 pABA biosynthesis, we prepared recombinant NE2150 and used it for in vitro assays (Figure  167 S1A). When chorismate and NH 4 Cl were used as substrates, the formation of anthranilate was 168 confirmed ( Figure S1B ); in contrast, no product was observed when NE2150 was omitted, 169 demonstrating that NE2150 actually encodes anthranilate synthase (TrpE) and that N. 170 europaea synthesizes pABA via a new enzyme/pathway. 171
To obtain a gene related to pABA biosynthesis from N. europaea, we performed10 shotgun cloning using the method described above. We obtained dozens of colonies on M9 173 minimal plates without pABA. The DNA sequences of plasmids randomly prepared from the 174 transformants revealed that they had a common region containing four genes, NE1431 to 175 NE1434 (Figure 2A) . To determine the essential gene(s) for complementation, the obtained 176 plasmids were digested with HindIII and then self-ligated (Figure 2A) expressing NE1434 gene in M9 minimum medium was compared. As shown in Figure 2B , 181 the transformant showed the almost the same growth curve as that of the parental strain, 182
showing that NE1434 gene would be involved in pABA biosynthesis. 183 NE1434 was previously annotated as pyrroloquinoline-quinone (PQQ) synthase (pqqC). 184 However, the low similarity between NE1434 and PqqC (24% identity and 40% similarity for 185
Klebsiella pneumoniae KPN01811, 25% identity and 39% similarity for Pseudomonas putida 186 PP0378 (10)) and the absence of other genes related to PQQ biosynthesis in the flanking 187 region suggested that NE1434 was a new enzyme responsible for pABA biosynthesis. We tried to elucidate the substrate of NE1434 by several methods. In the known 205 pathway, pABA is derived from chorismate in two steps catalyzed by ADC synthase (PabAB) 206 and ADC lyase (PabC). We therefore prepared recombinant NE1434 fused with a His-tag at 207 the C-terminus ( Figure S2 ) and incubated it with chorismate. However, no product was 208
formed under the various conditions tested such as addition of co-factors and metals and 209 different pH conditions. 210
Besides chorismate, 3-dehydroquinate, an intermediate in the shikimate pathway (11), is 211 also used as a precursor for pABA biosynthesis. We therefore examined whether the NE143412 gene product utilized a compound in the shikimate pathway by a genetic method. We 213 constructed aroB (3-dehydroquinate synthase), aroC (chorismate synthase), and aroD 214 (3-dehydroquinate dehydratase I)-knockout mutants from the E. coli ΔpabA BC mutant. These 215 strains required aromatic amino acids, 4-hydroxy benzoate, and pABA for their growth. 216
However, all of the mutants harboring the NE1434 gene were able to grow in M9 medium 217 without pABA ( Figure S3 ), suggesting that none of the intermediates in the shikimate 218 pathway, except for 3-deoxy-D-arabinoheptulosonate-7-phosphate, could be the precursor for 219 NE1434-mediated pABA biosynthesis. To exclude the possibility that NE1434 utilized 220 aromatic amino acids and 4-hydroxy benzoate, which were added into the medium, as 221 precursors for pABA biosynthesis, we used these compounds as substrates for NE1434. 222
However, no products were formed. Taking these results together, we concluded that a new 223 enzyme/pathway for pABA biosynthesis is operating in N. europaea. 224
We also tried to isolate a pABA auxotrophic mutant from E. coli ΔpabA BC expressing 225 the NE1434 gene because a gene complimenting the mutant is thought to participate in 226 biosynthesis of the substrate of NE1434. Therefore, the NE1434 gene was integrated into the 227 tnaA locus (tryptophanase gene) in E. coli ΔpabA BC ( Figure S4 ). The strain was treated with 228 N-methyl-N'-nitro-N-nitrosoguanidine and pABA auxotroph were screened. We screened 229 approximately 30,000 colonies including penicillin-concentrated auxotrophs. However, no 230 mutants exhibiting a pABA auxotrophic phenotype were obtained, suggesting that an 231 essential gene might be responsible for biosynthesis of the substrate of NE1434. 232 13 233
Distribution of NE1434 orthologs. 234
The NE1434 gene was previously annotated as pqqC, which is a member of the 235
TenA/Thi-4/PqqC family of Pfam (http://pfam.sanger.ac.uk/). We investigated the 236 distribution of NE1434 orthologs using BLASTP and MEGA5 (12). Orthologs were collected 237 from the genome databases of prokaryotes that have no gene clusters for PQQ biosynthesis 238 (10), and therefore could be responsible for pABA biosynthesis like NE1434, using the 239 BLASTP program with NE1434 as a query sequence and a cutoff e-value of 10 24 . The 240 orthologs were aligned together with PqqC from K. pneumoniae and P. putida, both of which 241 were confirmed to participate in PQQ biosynthesis, to construct a phylogenetic tree (Figure 4) . 242
The orthologs were distributed among two groups of prokaryotes. One was 243 ammonia-oxidizing microorganisms such as Nitrosomonas, Nitrosopumilus, Thaumarchaeota, 244 and the nitrogen-fixing Trichodesmium erythraeum. The other included obligate intracellular 245 bacteria such as Chlamydia, Chlamydophila, W olbachia, Rickettsia, and Neorickettsia. 246 In the case of Chlamydia, Chlamydia trachomatis has a folate biosynthetic gene cluster 247 including folA (CT614), -P (CT613), and -X (CT612, folB ortholog) genes (5). However, 248
pabA, -B, and -C genes are missing from the genome as in N. europaea. However, the CT610 249 gene, an ortholog of NE1434 (40% identity and 60% similarity), is located downstream of the 250 folA PX cluster in the same direction. To confirm whether CT610 participates in pABA 251 biosynthesis, the gene was cloned into a cloning vector (pUC-CT610H) and a pABA 252 14 auxotrophy complementation assay with the E. coli ΔpabA BC mutant was carried out. As 253 shown in Figure 5 , the CT610 gene complemented pABA auxotrophy in the same manner as 254 NE1434, suggesting that CT610 is also involved in pABA biosynthesis in C. trachomatis. In 255 contrast, the PP0378 gene (pUC-pqqC), which is an ortholog of the pqqC gene located in the 256 PQQ biosynthetic gene cluster in P. putida KT2440 (6) and has low similarity to NE1434 257 (25% identity and 39% similarity), was unable to complement pABA-auxotrophic E. coli 258
ΔpabA BC ( Figure 5 ) suggesting that PP0378 is involved in PQQ biosynthesis and that only 259 orthologs with a high e-value to NE1434 are responsible for pABA biosynthesis. 260
261
DISCUSSION 262
We previously showed that some bacteria lacked orthologs of pabA , -B, and -C, which 263 are essential for pABA biosynthesis, though they exhibited a prototrophic phenotype to 264 pABA (2). In this study, we showed that NE1434, which is annotated as pqqC but has low 265 similarity, was responsible for de novo pABA biosynthesis in N. europaea. The CT610 gene 266 in C. trachomatis, which is an ortholog of NE1434 located in the folate biosynthetic gene 267 cluster, also complemented the pABA-auxotrophy of the E. coli ΔpabA BC mutant (Figure  268   S5A ). In contrast, we could not obtain any genes that complemented the pABA auxotrophic 269 phenotype when the genome of L. fermentum IFO 3956 was used as a DNA source. 270
Considering that it has no orthologs of the NE1434 gene, two or more genes located at 271 separated loci might be responsible for biosynthesis of pABA in L. fermentum IFO 3956. 272 Otherwise, the strain may biosynthesizes pABA in a totally different manner using a different 273 compound as the substrate. 274
We tried to identify the substrate of NE1434 by several approaches. We were not able to estimate the substrate of NE1434 by the tracer experiment, in vitro 282 analysis with recombinants, or genetic experiments. Since NE1434 has significant similarity 283 to PqqC, whose substrate and product are already known, studies of the detailed reaction 284 mechanism of PqqC would be a shortcut to identify the substrate of NE1434. Otherwise, 285
another approach such as analysis of the crystal structure of NE1434 might give us a clue. 286
The following aspects might also important in identifying it, though we cannot conceive an 287 experimental plan utilizing them. One is the fact that orthologs of NE1434 are specifically 288 distributed in the genomes of ammonia-oxidizing bacteria and archaea (Figure 4 
